Abstract To assess effects of a short-term strength training (ST) program on muscle quality (MQ) and functional capacity, 36 sedentary elderly women (age=66.0±8 year, height=159.1±9.2 cm, body mass=68.3±12.1 kg, body fat=37.0±4.2 %) were randomly divided into an experimental group (EG; n=19) or a control group (CG; n=17). The EG performed two to three sets of 12-15 repeats of leg press, knee extension, and knee flexion exercises, 2 days/week for 6 weeks. Before and after training, lower body one repetition maximum (1RM), functional performance tests, quadriceps femoris muscle thickness (MT), and muscle quality (MQ) (1RM and quadriceps MT quotient) were assessed. After training, only the EG showed significant improvements in 1RM (p<0.05), 30-s sit-to-stand (p<0.001), and 8 foot up-and-go (p<0.001). In addition, only in the EG, significant increases in all quadriceps femoris MT measurements (vastus lateralis, vastus medialis, vastus intermedius, and rectus femoris) (p≤0.05), and MQ (p<0.001) were demonstrated. No changes were observed in the CG. Furthermore, there were significant associations between individual changes in MQ and corresponding changes in 30-s sit-to-stand (r=0.62, p<0.001), and 8 foot up-and-go (r=−0.71, p<0.001). In conclusion, a ST program of only 6 weeks was sufficient to enhance MQ of the knee extensors in elderly women, which resulted in beneficial changes in functional capacity.
Introduction
The aging process is associated with a progressive loss of muscle mass (i.e., sarcopenia) with a corresponding decline in strength and power (i.e., dynapenia) (Doherty 2003; Manini 2008, 2012; Manini and Clark 2012; Morley 2012) . However, it seems that the decrease in muscle strength and power in the elderly occurs to a greater extent than the concomitant loss of muscle mass (Delmonico et al. 2009 ), and muscle strength may have greater clinical importance in weak older adults than muscle mass per se (Kim et al. 2012) . These impairments are the consequence of changes in neural and morphological parameters. Neural mechanisms include reduced maximal agonist activation, increased antagonistic coactivation (Klass et al. 2007 ), neuronal loss, and muscle denervation. Morphological mechanisms include decrease in type II fiber diameter and decreased fascicle length (Aagaard et al. 2010) . These physiological changes promote drastic impairments in muscle quality (MQ) and in functional capacity in elderly persons (Frontera et al. 2008; Kallman et al. 1990 ).
Muscle quality (MQ) refers to the force produced per unit of active muscle mass (Ivey et al. 2000; Reeves et al. 2004; Cadore et al. 2012; Correa et al. 2012b ). In addition, MQ provides an estimation of the contribution of neuromuscular factors associated with changes in strength development, since an improvement in strength with no change in muscle mass suggests neural adaptations to training (Korhonen et al. 2009 ). Moreover, MQ is associated with decreased functional capacity in older individuals and is possibly associated with reductions in neuromuscular function in this population (Carmeli et al. 2000) . Interestingly, Macaluso et al. (2002) observed greater reductions in MQ in older compared to young women, suggesting a potential age-related neural impairment to explain the decreased MQ. Additionally, Delmonico et al. (2009) , examining well-functioning women over 5 years, reported loss of knee extension strength two to five times greater than quadricep muscle mass loss, which suggests a decrease in MQ (11 %). Thus, the evaluation of MQ seems to be a suitable method to monitor neuromuscular function of the elderly, particularly in response to strength training.
Strength training (ST) is a potential intervention to counteract age-related sarcopenia and dynapenia (Doherty 2003; Hunter et al. 2004; Malafarina et al. 2012; Mitchell et al. 2012 ). In elderly women, studies ranging from 10 to 12 weeks, with two to three sessions per week, have resulted in significant strength gains (Bottaro et al. 2007; Correa et al. 2012a Correa et al. , 2012b . These strength improvements are the consequence of neural adaptations such as increases in maximal motor unit recruitment (Knight and Kamen 2001) and enhanced maximal motor unit firing rate (Kamen and Knight 2004) as well as increased muscle mass and thickness (Nogueira et al. 2009; Ahtiainen et al. 2010) . However, in elderly women, the rate of hypertrophy induced by ST has been less (approximately 5-10 %) than the rate of increase in strength (approximately 35-50 %), as a result of neural adaptations, which supports the role of neural adaptations and its influence on MQ.
A positive relationship between power, strength, and functional performance in the elderly has been demonstrated by Pereira et al. (2012) . In addition, muscle strength is a better predictor of physical performance than muscle mass (Latham et al. 2004; Kim et al. 2012) . Thus, because ST can result in enhanced strength and, consequently, enhanced MQ, these improvements may affect functional outcomes, such as gait speed and chair-stand ability (Hunter et al. 1995; Granacher et al. 2009 Granacher et al. , 2012 Correa et al. 2012b) . Despite numerous studies on the neuromuscular and functional adaptations induced by ST in the elderly, the effects of this type of exercise intervention on MQ and its association with functional performance in older individuals need to be investigated more, especially in women who may be at greater risk of loss of power, strength, and muscle mass (Caserotti et al. 2001) . Moreover, to the best of the authors' knowledge, the effects of ST on muscle quality during early phases of training (i.e., less than 8 weeks) are poorly investigated. Therefore, the purpose of the study was to investigate changes in the knee extensor MQ induced by short-term strength training in elderly women. Furthermore, a second purpose was to investigate the association between MQ and functional capacity adaptations to ST. Our hypothesis is that 6 weeks of strength training would result in marked muscle thickness and muscle quality gains, and these adaptations would be associated with functional capacity gains.
Methods

Subjects
The volunteer sample comprised of 36 sedentary elderly women (age=66.0±8 years, height=159.1±9.2 cm, body mass=68.3±12.1 kg, body fat=37.0±4.2 %), who had not engaged in regular and systematic ST or aerobic training for at least 1 year prior to the study. Individuals with a history of severe endocrine, metabolic, and neuromuscular diseases were excluded. Individuals were selected by advertising in a large circulation daily newspaper. Subsequently, participants were randomly divided into two groups as follow: (1) the experimental group (EG; n=19) or (2) the control group (CG; n=17) by a blinded investigator. Each individual was informed about the methodological procedures of this study by reading an informed consent document, which was approved by the Institutional Ethics and Research Committee (Protocol No. 19322) , with the ethical standards laid down in the 1964 Declaration of Helsinki. Body mass and height were measured using as ASImed (MG, Brazil) analog scale (resolution of 0.1 kg) and stadiometer (resolution of 1 mm), respectively. Body composition was assessed using a skinfold technique. A seven-site skinfold equation was used to estimate body density (Jackson and Pollock 1978) , and body fat was, subsequently, calculated using the Siri equation (Siri 1993) . The same technician obtained all anthropometric measurements on the right side of the body.
Experimental design
In order to investigate the effects of short-term ST on muscle quality and functional capacity in elderly women, maximal strength (one repetition maximum-1RM), muscle thickness (MT), and functional tests were performed pre and post 6 weeks of training ( Fig. 1) . Participants attended the laboratory on four different occasions before and after the training intervention because all tests were performed on separate days. On the first visit, each individual was informed about the methodological procedures of the study and signed the informed consent document. On the second visit, height, weight, body composition, and muscle thickness were assessed. On the third visit, maximal dynamic strength was assessed. Finally, in the fourth visit, subjects performed the functional tests. Testing at pre-and postintervention was conducted on the same equipment with identical subject/equipment positioning and at the same time of day and was overseen by the same investigator, who was blinded to the training group of the subjects. The ambient conditions were kept constant during all tests (temperature: 22-24°C).
Strength training program
The ST program was performed twice a week for 6 weeks, with 48 h rest between training sessions and with linear and progressive intensity and volume. The intensity of training was controlled by repetition maximum (RM) (i.e., sets performed until concentric failure). The experimental group (EG) performed leg press, knee extension, and knee flexion exercises. During weeks 1-3, they performed two sets of 15-20 RM, and during weeks 4-6, they performed three sets of 12-15 RM, with 2-min rest interval between sets and exercises. All participants performed 12 ST sessions. One week prior to testing, all subjects were familiarized with the ST exercises and assessments on two different occasions.
Maximum dynamic strength (1RM)
Maximal knee extension strength was assessed in the dominant leg using the one-repetition maximum test (1RM) on a knee extension machine (World Sculptor, RS, Brazil). On the test day, the subjects warmed up for 5 min on a cycle ergometer, stretched all major muscle groups, and performed specific movements for the exercise test. Each subject's maximal load was determined with no more than five attempts with 4-min rest between attempts. The cadence during 1RM tests was controlled by an electronic metronome (Quartz, Torrance, CA, USA). Test-retest reliability (ICC) was 0.89 for this test.
Muscle Thickness
The knee extensors MT was measured though images obtained with a B-mode ultrasound device (Philips, MG, Brazil). Subjects lie supine with the dominant leg extended and relaxed for 10 min to restore the normal flow of body fluids. A 7.5-MHz linear array probe was positioned perpendicularly to the vastus lateralis (VL), vastus medialis (VM), vastus intermedius (VI), and rectus femoris (RF) muscles and a water-based gel was used to promote acoustic contact between the skin and the transducer. Measurement of the VL was taken at the midpoint between the greater trochanter and the lateral epicondyle of the femur (Kumagai et al. 2000) , whereas the measurement for the VM was taken at 30 % of the distance from the lateral epicondyle of the femur to the greater trochanter; VI measurements were made at two thirds the distance from the greater trochanter of the femur to the lateral epicondyle and 3-cm lateral to the midline of the limb (Korhonen et al. 2009 ). The ultrasound muscular images were analyzed via ImageJ software (National Institute of Health, USA, version 1.37). The subcutaneous adipose tissue and bone tissue were identified, and the distance between them was defined as MT. All measurements were performed by the same experienced evaluator. Quadriceps femoris muscle thickness (QF MT ) was considered as the sum of the four lower-body muscles MT (VL+VM+VI+ RF). Test-retest reliability (ICC) was ≥0.97 for all measurements.
Muscle quality MQ was expressed as force per unit of muscle mass and was calculated by dividing the 1RM knee extension value by the sum of the QF MT . Therefore, MQ was assessed according to the following equation: The test began with the participant seated in a chair (height: 43 cm) with the back straight and feet on a flat surface positioned about shoulder width apart, arms crossed at chest height, with hip and knee flexion of approximately 90°. At a verbal signal, the participant rose to a full upright position and then returned to the initial seated position. Subjects were encouraged to complete as many repetitions as possible within a 30-s period (Jones et al. 1999 ).
foot up and go
The test consisted of measuring the maximum time (in seconds) needed for the subject to rise from a seated position (same as the 30-s sit-to-stand test), walk forward 8 f and then return 8 f and resume a seated position as soon as possible. Subjects had three attempts with 4-min rest between attempts, and the fastest time was used for further analysis (Rikli and Jones 2013) .
Statistical analyses
The SPSS statistical software package (version 17.0) was used to analyze all data. Normal distribution and homogeneity parameters were checked with ShapiroWilk and Levene test's, respectively. Results are reported as mean±SD. The training-related effects were assessed using a two-way mixed factor analysis of variance (ANOVA) [group (experimental or control)×time (pre-and posttest)]. Sample size was calculated using G*Power software (version 3.0.1) and determined that a sample size of n=13 subjects would provide a statistical power greater than 0.85 for all variables. Pearson's product moment correlation coefficient (r) was used to assess the relationship between MQ and functional tests. Significance was accepted when p<0.05.
Results
Before the ST intervention, there were no significant differences between groups in any variables assessed. Following 6 weeks of ST, only the EG showed a significant increase in 1RM values (p<0.05). In addition, all quadriceps femoris MT measurements (VL, VM, RF, and VI) increased significantly in the EG (p<0.05), whereas no changes were observed in the CG (Table 1) . Likewise, muscle quality (MQ) increased significantly (p<0.001) in the EG but not in the CG (Table 1) .
After training, the EG demonstrated significant changes in functional performance. The number of repetitions performed in the 30-s sit-to-stand test increased significantly as well as a significant reduction in time during the 8 foot up-and-go (p<0.001). There were no significant changes in the functional tests in the CG (Table 1) . There were significant positive associations between individual changes (Δ%) observed in MQ with corresponding changes (Δ%) in the 30-s sit-to-stand test (r=0.62, p<0.001) (Fig. 2a) and the 8 foot up-and-go test (r=−0.71, p<0.001) (Fig. 2b) .
Discussion
The main finding of this study was a significant increase (~15 %) in MQ after only 6 weeks of strength training (ST) in older women. Likewise, it was observed that the increases in MQ (Δ%) were positively correlated (r=0.62, p<0.001) with the 30-s sit-to-stand functional test and inversely correlated (r=−0.71, p<0.001) with the 8 foot up-and-go test. Thus, the neuromuscular and morphological changes resulting from a short 6-week ST program represent significant improvements in functional tasks which older women perform daily.
Strength training programs have been shown to increase muscle strength and functional abilities in older women Reeves et al. 2004; Correa et al. 2012a) , whereas the ST adaptations during early phases of training (i.e., less than 8 weeks) is poorly investigated in this population. In one of the few studies in this perspective, Tracy et al. (1999) observed 30 % increments in 1RM knee extension after 9 weeks of ST. In the present study, the EG increased their 1RM knee extension by 23.5 % after only 6 weeks of ST (Table 1) , which highlights the rapid initial force increments that occur in response to ST. The mechanisms that explain these changes are related to increased recruitment of motor units, firing rate, and inter-and intramuscular coordination (Frontera et al. 2000; Caserotti et al. 2008a; Granacher et al. 2009; Cadore et al. 2013) .
Although neural adaptations explain initial increases in muscle strength observed with ST (Häkkinen et al. 1998; Lynch et al. 1999) , morphological adaptations (i.e., muscle hypertrophy) also influence these changes to some degree. In our present study, MT increases observed in the whole quadriceps muscle group (VL, VM, VI, and RF) demonstrated these adaptations. Although changes in MT were less (8.7 to 18.1 %) than knee extension 1RM increases (23.5 %), these results suggest that structural changes in muscle also occur in the early phases of ST. In study of Able et al. (2000) , morphological adaptations to ST were assessed using CT scans, and these authors did not demonstrate increases in the muscle mass in the initial periods of ST, probably because CT scans can only be used once every 6 months . In our study, morphological adaptations were measured by ultrasound, which can be performed more often and, thus, made it possible for us to observe muscle mass increases during the initial period of ST. Decreases in MQ with the aging process have been described in previous studies Misic et al. 2007; Frontera et al. 2008; Delmonico et al. 2009 ). Among the factors that may explain this phenomenon are the decline in the proportion of type II fibres, an increase in intramuscular connective tissue, an infiltration of adipose tissue, and changes in muscle metabolism. Because the reduction in the strength is more pronounced than the reduction in the muscle mass, muscle strength loss seems to affect MQ more than loss in muscle mass (Delmonico et al. 2009; Kim et al. 2012) . Our results suggest that strength training is a quick and effective strategy to control the reduction in MQ of older women. Indeed, we found an increase of 14.8 % in MQ of the knee extensors in just 6 weeks of ST (Table 1) , corroborating the 14 % reported by Tracy et al. (1999) , in which women performed ST for 9 weeks.
The accelerated and progressive loss of muscle mass and strength, which results in reduced MQ, appears to be directly related to a decrease in functional capabilities and physical independence in the elderly population. However, muscle strength is a better predictor of physical performance than muscle mass (Latham et al. 2004; Kim et al. 2012) . Thus, as ST can result in significant improvements in muscle strength, and consequently, in MQ, it may improve various functional aspects, such as gait speed and chair-stand ability (Hunter et al. 1995; Granacher et al. 2012; Correa et al. 2012b) . It has been shown that the strength training may improve the strength and functional capacity even in oldest old (i.e., 90-97 years old) (Serra-Rexach et al. 2011) . In the present study, although the subjects were 66±8 years, the decline observed in the strength, muscle mass, and functional capacity during aging starts to be more accentuated after sixth decade of life. Thus, we believe that the enhancements in the strength and muscle quality observed in the present study are relevant and positively influenced the functional capacity parameters, such as the gait speed and chair-stand ability.
Functional status of the elderly has been evaluated using assessments such as the 30-s sit-to-stand and the 8 foot up-and-go tests (Bottaro et al. 2007; Rikli and Jones 2013) , and the performance on these tests seems to be dependent on the capacity of the lower limbs muscles. Indeed, the increases in MQ observed in this study (~14.8 %) were associated to the increases in the performance of the 30-s sit-to-stand and the 8 foot upand-go functional tests (24 and −22 %, respectively), which appear to have arisen from changes in the knee extensors muscle thickness (8.7-18.1 %) and increases in the 1RM (23.5 %). Therefore, these associations reinforce that ST can be a useful strategy to combat neural and morphological reductions associated with aging and, consequently, improve functional performance in elderly women.
In summary, a short-duration (6 weeks) strength training program was effective in increasing muscle quality (MQ) of the knee extensors in elderly women. Furthermore, this increase in MQ resulted in beneficial increases in functional capacity. These results are important, since lower body muscle strength is essential in executing activities of daily living in an elderly population. Fig. 2 Correlation between the increases (Δ% muscle quality, 30-s chair-stand test and 8 foot up and go) observed during the training period. a Δ% muscle quality and Δ% 30-s chair-stand test. b Δ% muscle quality and Δ% 8 foot up and go
